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Wnt and Decapentaplegic cell signaling pathways act synergistically in their contribution to macrochaete (sense organ)
patterning on the notum of Drosophila melanogaster. The Wingless-signaling pathway was ectopically activated by
removing Shaggy activity (the homologue of vertebrate glycogen synthase kinase 3) in mosaics. Proneural activity is
asymmetric within the Shaggy-deficient clone of cells and shows a fixed “polarity” with respect to body axis, independent
of the precise location of the clone. This asymmetric response indicates the existence in the epithelium of a second signal,
which we suggest is Decapentaplegic. Ectopic expression of Decapentaplegic induces extra macrochaetes only in cells which
also receive the Wingless signal. Activation of Hedgehog signaling generates a long-range signal which can promote
macrochaete formation in the Wingless activity domain. This signal depends upon decapentaplegic function. Autonomous
activation of the Wingless signal response in cells causes them to attenuate or sequester this signal. Our results suggest a
novel patterning mechanism which determines sense organ positioning in Drosophila. © 1999 Academic Press
Key Words: wingless; shaggy/zeste-white 3; decapentaplegic; hedgehog; signal transduction; spatial patterning; imaginal
discs.
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In a metazoan, cells assume particular developmental
fates as a result of cell-heritable constraints, local “prepat-
terns” of gene expression, and inductive/inhibitory events
mediated by cell signaling. Several highly conserved signal
transduction pathways, including those employing ligands
of the Wnt, TGF-b, EGF, Delta, and Hedgehog families, are
nvolved (Alevizopoulos and Mermod, 1997; Fleming et al.,
997; Ingham, 1998; Nusse, 1997; Perrimon and Perkins,
997; Robey, 1997). Various signaling cascades can be
imultaneously active in the same cell, the outcome de-
ending upon the developmental context.
To understand the patterning mechanism, we have exam-
ned the events leading to the specification of the sites at
hich sense organ precursors (SOPs) develop in the wing
maginal disc. The notum, which includes most of the
orsal thorax of Drosophila melanogaster, is derived froml
m
1 To whom correspondence should be addressed. E-mail: bafp8@
sussex.ac.uk.
150he proximal end of the wing imaginal disc and carries a
recise number of large sensory bristles, macrochaetes, in a
tereotypical array. Each macrochaete arises from an SOP
Huang et al., 1991). Groups of neighboring cells in the disc
pithelium become competent to become an SOP when
hey arrest in the G2 phase of the cell cycle (Usui and
imura, 1992) and express the proneural genes achaete (ac)
nd scute (sc) (Cubas et al., 1991; Skeath and Carroll, 1991).
hese two gene products are transcription factors that
ctivate downstream genes required for neural differentia-
ion (Villares and Cabrera, 1987). Expression of these genes
s refined by communication between cells within each
roneural cluster via the Delta/Notch signaling pathway
Artavanis-Tsakonas and Simpson, 1991; Cabrera, 1990;
impson, 1990), which limits the number of cells in the
luster which become SOPs.
The focus of our analysis is the specification and posi-
ioning of the anterior and posterior dorsocentral macro-
haetes (aDC, pDC), two large mechanosensory organs,
ocated in precise positions relative to surrounding rows of
icrochaetes. The aDC and pDC SOPs form sequentially
0012-1606/99 $30.00
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151Signal Integration and Bristle Patterningon the proximal edge of a single DC proneural cluster
(Cubas et al., 1991) where Ac and Sc expression depends
pon a cis-activating enhancer sequence, the DC enhancer
Gomez-Skarmeta et al., 1995).
Ac expression in the DC proneural cluster requires activ-
ty of the Wnt gene wingless (Phillips and Whittle, 1993).
he DC SOPs form adjacent to the stripe of cells expressing
g in the presumptive notum during the third larval instar.
verexpression of genes encoding positive transducers of
nt signaling, including dishevelled (Axelrod et al., 1996)
r LEF (Riese et al., 1997), increases SO number as does loss
f function of the Wnt antagonist shaggy (Simpson and
arteret, 1989).
The role of decapentaplegic (dpp), encoding a BMP2/4
omologue, in this patterning process is less clear. Ectopic
xpression of dpp can cause either a gain or loss of macro-
haetes (Mullor et al., 1997). dpp expression is restricted to
ells just anterior to the anteroposterior compartment bor-
er, but extends into the presumptive notum of the wing
isc where the dpp-expressing cells are fated to form the
osterior region of the notum, the scutellum. The ligand
ncoded by dpp is secreted and can act as a morphogen at a
istance (Nellen et al., 1996; Zecca et al., 1995). Signal
eception depends upon a heteromeric complex consisting
f type I and type II receptors encoded respectively by the
hickvein (tkv) and punt (put) genes (Letsou et al., 1995;
uberte et al., 1995).
The asymmetric positioning of the DC macrochaetes
elative to the stripe of wg expression in the proximal part
f the wing disc implies that additional factors must pro-
ide cues for sensory organ location. This might be a cell
utonomous factor derived from a fixed prepattern of gene
xpression, though our evidence favors the alternative that
t is a long-range signal, either Dpp or another signal
ownstream of Dpp. We show that Dpp interacts synergis-
ically with the contribution of Wg in positioning macro-
haetes in the notum. The combination of Wg and Dpp
ignal reception is both necessary and sufficient for macro-
haete formation in the proximal region of the notum. Our
vidence also suggests that Wg signal reception may alter
he distribution of Dpp activity in the epithelium.
MATERIALS AND METHODS
Stocks
The mutations used are described in Lindsley and Zimm (1992)
and were acquired from the Bloomington Drosophila Stock Center
with the following exceptions. The following stocks were gifts:
wg-lacZ (wg17en40/CyO) from J. Kassis (Kassis et al., 1992); y sggD127
v f from P. Simpson (Simpson and Carteret, 1989); Ubx.f1.Gal4-
lacZ from S. Bray (de Celis and Bray, 1997); UAS-Dsh from J.
Axelrod (Axelrod et al., 1996); y w; dpp10638 PKAE95 FRT39E/
CyO,y1, y sggD127 FL122; Dp sc19 Dp w170 P{hs-CD2 ry1} FRT39E/
CyO, y w; dppH61 PKAE95 FRT39E/CyO,Dp(2;2)Dpp1, y w; dpp11 y1
FRT39E/CyO; hs-Flp and y w; stc Frt39E/CyO from P. Lawrence
(Jiang and Struhl, 1995, 1996); y Tubulin.y1.dpp and UAS-dpp
from I. Guerrero (Mullor et al., 1997); w; st MD237 e/TM6Sb,Tb
Copyright © 1999 by Academic Press. All rightfrom M. Calleja (Calleja et al., 1996); and put135 FRT82B and put10460
FRT82B from F. M. Hoffmann (Letsou et al., 1995). A y sggD127 v f
chromosome recombinant with FRT18 was selected for the sgg2
clone program. The Tubulin.y1.dpp P-element insert was mo-
bilized using P{d2-3}99B (Robertson et al., 1988) and an insert on
the second chromosome was selected.
Generation of Mitotic Recombinant Clones
The Flp-Frt site-specific recombination system (Xu and Rubin,
1993) was used to induce homozygous clones in the genotypes in
the following experiments by exposures to 37°C in a dry incubator
(hs).
sgg2 clones. y sggD127 f FRT18A/P{lacZ ry1(1296)} M(1)15D
FRT18A; MKRS, FLP99. hs for 60 min 3–4 days after egg laying
resulted in y,f marked clones.
Ubx>Dsh clones. y w Flp fa36; Ubx.f1.Gal4-lacZ/1; UAS-
Dsh/1. hs for 15 min 2–3 days after egg laying resulted in f marked
clones.
PKA2 clones. y w/y sggD127 FL122; Dp sc19 Dp w170 P{hs-CD2
ry1} FRT39E/dpp10638 PKAE95 FRT39iE. hs for 60 min 3 days after egg
laying resulted in y marked clones.
dpp2 PKA2 clones. y w; dppH61 PKAE95 FRT39E/dpp11 y1
FRT39E; hs-Flp/1. hs for 75 min 3 days after egg laying resulted in
y marked clones.
sgg2 PKA2 clones. y sggD127 FL122; Dp sc19 Dp w170 P{hs-CD2
ry1} FRT39E/dpp10638 PKAE95 FRT39E. hs for 60 min 3 days after egg
aying resulted in y marked clones.
tub>y1>dpp clones. y w FL122/y w; Tubulin.y1.dpp. hs for
0 min 3 days after egg laying resulted in y marked clones.
Combined X-Gal and Antibody Staining
Larvae that were heterozygous for a wg-lacZ reporter, wg17en40
(Kassis et al., 1992), were fixed for 10 min at room temperature and
washed for 2 min in PBS. They were incubated in X-Gal (1 ml
-Gal 1 200 ml X-Gal buffer) for 15 min at 37°C and washed for 1
in in phosphate-buffered saline (PBS). Larvae were stained for
ouse anti-Achaete and rabbit anti-Dpp primary antibodies and
abeled with horseradish peroxidase and horseradish peroxidase
nd nickel as described in Patel (1994). The antibodies used were
nti-Achaete at a 1/10 dilution, anti-Dpp at 1/100, anti-b-Gal
(Cappel, Organon Teknika Ltd.) at 1/5000, HRP-conjugated goat
anti-mouse (Jackson ImmunoResearch Laboratories, Inc.) at 1/500,
and HRP-conjugated goat anti-rabbit (Vector Laboratories) at 1/500.
Discs were mounted in 4% propylgallate in 80% glycerol–PBS and
photographed using a Zeiss Axiophot microscope.
Fluorescent Antibody Staining and Confocal
Microscopy
Third instar wing discs were dissected and fixed for 1 h on ice in
4% paraformaldehyde in PBS and then washed 23 in 0.3% Triton
-100 in PBS (TPBS) and 23 1 h in 5% BSA Block on ice. After
ashing, discs were incubated in primary antibody overnight at
°C. The following day, discs were washed 43 15 min in TPBS 1
ormal serum and incubated for 2 h in secondary antibodies,
onjugated with either fluorescein (FITC) or rhodamine (Texas
ed), at room temperature. Discs were finally washed overnight in
PBS at 4°C. The antibodies used were anti-Achaete, anti-b-Gal(all used at dilutions mentioned above), anti-CD2 (rat) at 1/50,000,
FITC anti-mouse at 1/200, and Texas Red anti-rabbit at 1/200.
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152 Phillips, Warner, and WhittleWing discs were dissected and mounted in Vectashield mounting
medium. Images were collected on a Bio-Rad 600 confocal micro-
scope and processed using Adobe Photoshop 4.0.1.
RESULTS
Dynamic Regulation of Achaete in the DC
Proneural Cluster Culminates in Asymmetric
Expression Relative to the Notal Wingless Stripe
Ac expression in the DC proneural cluster evolves rapidly
during the final larval instar; the initial broad pattern
resolves to just two SOPs (Cubas et al., 1991; Skeath and
Carroll, 1991; Fig. 1A). Proneural clusters express proneural
FIG. 1. Proneural expression relative to wg and Dpp during form
b-galactosidase activity reporting the activity of wg-lacZ expression
wandering (A) stage. All discs are shown with anterior to the left a
spans the full width of the wg notal stripe but gradually is restricte
OPs (A, black arrowheads) on the edge of the wg stripe. The proxim
e the source of a long-range signal which promotes Ac expressiongenes in response to a framework of positional information
(Simpson and Carteret, 1990). Wg and Dpp are obvious
e
c
Copyright © 1999 by Academic Press. All rightandidates to regulate the DC cluster on the basis of their
xpression patterns and their demonstrated effects on notal
atterning (Mullor et al., 1997; Phillips and Whittle, 1993).
e assayed the expression of the proneural protein, Ac
elative to the wg reporter, wg17en40 (wg-lac Z), and to Dpp
rotein to determine the precise spatial relationship of
hese gene products during proneural cluster development.
In the mid-third instar wing disc (Fig. 1B), the DC
roneural cluster (arrow) of Ac-expressing cells (black stain)
ies within the stripe of wg-lacZ expression (blue stain) and
nitially spans the full width across the stripe. The expres-
ion of Ac protein diminishes in the distal part of the
luster during the latter half of the third instar (Fig. 1C)
ntil it persists only in two SOPs (Fig. 1A) at the proximal
of the DC proneural cluster. Third instar wing discs stained for
e), Dpp (brown), and Ac (black) proteins in middle (B), late (C), and
oximal up. The DC cluster Ac expression (B, C, black arrow) first
the proximal edge where it eventually persists only in the two DC
egion of the A–P boundary (red arrowhead) expresses Dpp and may
he DC cluster.ation
(blu
nd pr
d todge of the stripe. Thus, Ac expression progressively
hanges from a symmetric pattern to an asymmetric one
s of reproduction in any form reserved.
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153Signal Integration and Bristle Patterningrelative to wg expression. The DC proneural cluster cells do
not express Dpp; the nearest source of Dpp is the antero-
posterior border posterior and proximal to the cluster (Fig.
1C, red arrow), so we expect any effect by Dpp on this
cluster to involve long-range or indirect signaling. The
relative positions of wg- and dpp-expressing cells is com-
patible with the hypothesis that the asymmetric resolution
of proneural expression in the DC cluster depends upon an
interaction between these two signals.
The wg-lacZ expressing cells persist in the adult cuticular
epithelium, and the DC macrochaetes differentiate adjacent
to them (Fig. 2A, arrows; Phillips and Whittle, 1993). We
have analyzed the position of the wg-lacZ-expressing cells
relative to other cuticular structures to facilitate interpre-
tation of cuticular phenotypes (see legend and the left half
of diagram, Fig. 2B, for relevant nomenclature). The wg-
lacZ stripe divides the scutum into medial (MSC) and
lateral sectors (LSC). The stripe also extends into the
prescutum (PSC), anterior to the prescutal suture (PSS), and
into the scutellum (SCT), posterior to the scutum. The cells
expressing wg-lacZ lie under a defined region of cuticle in
the scutum, which we call the DC meridian (DCM), which
includes microchaetes of the fifth medial and first lateral
rows.
The formation of macrochaetes and microchaetes results
from very similar if not identical mechanisms and the
difference in size depends primarily on the time of initia-
tion. Few of the presumptive notal cells express early
FIG. 2. Ectopic activation of elements of the Wingless signal
autonomously. A pharate adult (wg17en40/1) with the b-galactosidas
DC macrochaetes form adjacent to the wg stripe (black arrows). B co
he anterior (ant) uppermost. The left heminotum shows the locati
nd the region of wg-lacZ expression (blue), which underlies the
cutellum (SCT; orange). Circles indicate the positions of microch
he anterior and posterior dorsocentrals (aDC and pDC; green) and
, and 6 are shown in this orientation. The right heminotum display
Symbols at the side of the notal diagram, identified by (a), (b) and
both microchaetes and macrochaetes which are largely segregated w
of the red and gray boxes indicate the relative numbers of macrocha
symbol correspond to the length and orientation of the axis of sy
regions (the width of the clone is not represented). A small number
microchaetes and macrochaetes were interspersed (b) or because o
number of bristles in the clone; the orientation is not significant.proneural activity required for macrochaete formation (see
Figs. 1A–1C), but most express later proneural activity
Copyright © 1999 by Academic Press. All righthich leads to microchaete formation (Parks et al., 1997).
herefore, the formation of macrochaetes in abnormal
ositions in the notum provides an assay for the genes
hich control proneural activity.
Ectopic Activation of the Wingless-Signaling
Pathway Promotes Macrochaete Development
throughout the Notum
We created genetic mosaics to activate components of the
Wingless transduction pathway ectopically, in order to
explore whether there were other local conditions that had
to be satisfied before a macrochaete could be formed. We
used the shaggy gene (sgg), which encodes an antagonist of
ingless signal transduction (Siegfried et al., 1992). Clones
omozygous for the loss of function allele sggD127 (sgg2)
autonomously form extra macrochaetes in the notum (Fig.
2B, red boxes on right side of diagram). These appear most
frequently near the DC meridian and in the scutellum but
less frequently near the lateral macrochaetes, as has been
previously reported (Simpson and Carteret, 1989). Extra
macrochaetes also form medially in the scutum and pres-
cutum far from the normal site of any wild-type macro-
chaete (Figs. 2B and 3A–3C).
The ectopic medial macrochaetes result from induction
of sgg2 clones in the proximal end of the presumptive
notum, proximal to the wg stripe. This tissue is normally
pathway causes extra macrochaetes and microchaetes to form
vity (blue) of the wg-lacZ reporter in the notum is shown (A). The
ns a diagrammatic representation of the adult notum oriented with
the lateral scutum (LSC; white), the medial scutum (MSC; white),
meridian (DCM) and parts of the prescutum (PSC; yellow) and
(small circles) and macrochaetes (large circles) and specifically of
tural (PS; red) macrochaetes. Nota or notal fragments in Figs. 3, 4,
position of 44 sgg2 clones each having 10 or more mutant bristles.
istinguish clones of three different classes. Most clones contained
the clone; clones in this class are indicated by (a), where the sizes
and microchaetes, respectively. The length and orientation of this
try through the clone from the microchaete to the macrochaete
ones showed no microchaete/macrochaete polarity, either because
microchaetes were present (c). The length of b and c reflects theing
e acti
ntai
on of
DC
aetes
presu
s the
(c), d
ithin
etes
mme
of cldevoid of Ac expression (Figs. 1A–1C), but the sgg2 cells in
this region express ectopic Ac (Figs. 4A and 4B, arrowhead)
s of reproduction in any form reserved.
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154 Phillips, Warner, and Whittlewhich is clearly independent of Ac expression in the wild-
type DC proneural cluster (Figs. 4A and 4B, star).
The Dishevelled protein (Dsh) is a component of the
Wingless transduction pathway required for activation and
is “upstream” of Sgg (Klingensmith et al., 1994; Siegfried et
al., 1994). We have overexpressed Dsh in clones of cells in
the presumptive notum during larval development. This
caused extra macrochaetes to form in clones, mimicking
the removal of the sgg gene (compare Figs. 4C to 4D and 4E).
Activation of Wingless signal transduction is therefore
sufficient to promote proneural activity in most cells of the
presumptive notum.
Within Shaggy-Mutant Clones, Macrochaete
Formation and Achaete Expression Are
Nonuniform and Show a “Polarity” Independent of
the Precise Position of the Clone
Although sgg2 clones form macrochaetes throughout the
otum, the distribution of macrochaetes within each sgg2
clone was strikingly asymmetric. Irrespective of the exact
location of each clone on the notum, the macrochaetes
were confined to the posterior region of the clone (Figs.
3A–3D). We describe such clones as having an “axis of
polarity,” defined by an imaginary line joining the group of
macrochaetes in a clone to the group of microchaetes in the
FIG. 3. Irrespective of their location on the notum (A–D), individu
how the same asymmetric positioning of their macrochaetes at th
utline) are indicated relative to the site of the DCs (black arrows)
lone is associated with absence of the macrochaete in the normal
he right.same clone. The right side of the diagrammatic notum in
Fig. 2B summarizes the SO patterning within 44 clones. In
o
g
Copyright © 1999 by Academic Press. All right7 of the sgg2 clones, most of the microchaetes were
nterior to the macrochaetes (a), and only four of these
lones had their axis of polarity more than 30° from the
verall A–P axis. Two narrow clones formed interspersed
icrochaetes and macrochaetes (b). Five clones formed only
icrochaetes (c). We interpret this pattern of SO formation
o mean that ectopic local activation of the Wingless
ransduction pathway in each clone makes those cells
ompetent to respond to another signal within the epithe-
ium which is nonuniformly distributed within the clone.
he asymmetric pattern in sgg2 clones occurs throughout
the notum independent of position, so this signal must be
present throughout the presumptive notum with a constant
vectorial property relative to the A–P axis. Entirely consis-
tent with this idea, the DC macrochaete is absent when the
anterior part of a sgg2 clone occupies its normal site (Fig.
3D).
The pattern of Ac expression in sgg2 clones in the
resumptive notum of the third instar wing disc is also
symmetric, being most intense in a crescent of cells up to
ve cell diameters in width at the posterior edge of clones
Fig. 4B). This pattern of expression is comparable to the
attern of macrochaetes formed by a sgg2 clone of similar
size and position (Fig. 4C).
We interpret the nonuniform pattern of Ac expression in
sgg2 clones to mean that they are responding to a posteri-
g2 clones (marked by yellow, forked bristles and outlined in black)
terior edge of the clone. The clone positions in A, B, and C (black
normal positions of the DCs (red arrows) are shown in D where a
position. The notal fragments in A–D are oriented with lateral toal sg
e pos
. Therly derived activating signal. This signal cannot be propa-
ated for many cell diameters inward from the border of the
s of reproduction in any form reserved.
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155Signal Integration and Bristle Patterningclone within which Wingless signal transduction is acti-
vated. We believe this phenomenon in clones may be
revealing the normal cellular mechanism that operates at
the proximal edge of the DC proneural cluster, which
promotes persistent Ac expression and establishment of the
SOP at the edge of Wg activity.
Ectopic Activation of the Hedgehog Signaling
Pathway Generates a Long-Range Signal Which
Promotes Sense Organ Development in the Domain
of Wingless Activity
The asymmetric distribution of macrochaetes in sgg2
clones implied a second signal emanating from a poste-
rior source. Hedgehog (Hh) diffuses into the anterior
compartment from the posterior compartment and there-
fore is a possible candidate. We examined genes which
antagonize Hh signal transduction to see if they were
required to limit macrochaete patterning. Loss of func-
tion of patched (ptc), costal 2 (cos2), or PKA, the gene
FIG. 4. Activation of the Wingless pathway causes ectopic Achaet
instar wing disc with anterior to the left and proximal up (A). sgg2
red). Ectopic Ac expression (green) within the clone (white arr
predominantly at the posterior edge (arrowheads in A and B). Cha
otum are marked by yellow, forked bristles (black arrows, outlined
of the clone (red arrowheads). A Ubx.dsh clone is marked by forked
sh is overexpressed, shown at higher magnification (E), exhibits
hite outline). The white arrowhead indicates a wild-type pDC poencoding the catalytic subunit of protein kinase A, con-
stitutively activates the Hedgehog signaling pathway and
a
t
Copyright © 1999 by Academic Press. All righteads to ectopic expression of downstream genes includ-
ng dpp throughout the anterior compartment of the wing
isc (Capdevila et al., 1994; Jiang and Struhl, 1995;
epage et al., 1995; Li et al., 1995; Pan and Rubin, 1995).
In the adult, clones of cells homozygous for lethal alleles
of PKA, ptc, and cos2 prompt the formation of extra
acrochaetes, both within and lateral to the DC merid-
an (Fig. 5A, and data not shown).
Clones homozygous for PKAE95 (PKA2) are associated
with a high frequency of ectopic macrochaetes formed by
nearby wild-type cells. Most PKA2 clones that are lateral
o the DC meridian (48 of 52 clones), some medial (9/26)
r anterior (1/12) clones, are associated with this pheno-
ype. A majority of PKA2 clones in the scutum lateral or
medial to the DC meridian form pits, invaginations into
the cuticle surface. Strikingly, only cells on or lateral to
the DC meridian respond to the nearby presence of the
PKA2 clone by making extra macrochaetes. For example,
xtra macrochaetes surround a clone lateral to the DCM
Fig. 4A, red outline) while extra macrochaetes only form
ression. Ac expression (green) in the presumptive notum of a third
es were marked by the absence of b-galactosidase expression (not
n A) was not uniform but concentrated in the periphery and
showing Ac expression (B) from A. Two sgg2 clones in the adult
ed) (C). Ectopic macrochaetes form asymmetrically at the posterior
les anterior and medial to the DC meridian (D). The clone in which
ering of macrochaetes (red arrowheads) near its posterior edge (E,
or to the clone.e exp
clon
ow i
nnel
in r
bristlong the edge of the DCM adjacent to a clone medial to
he DCM (Fig. 4A, white outline). This nonautonomous
s of reproduction in any form reserved.
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156 Phillips, Warner, and Whittleactivity was suppressed when the clones were also ho-
mozygous for an amorphic allele of dpp (dppH61) as well as
KAE95 (dpp2 PKA2) (Fig. 4B, red outline; extra macro-
haetes in lateral clones, 2/14; medial clones, 0/15;
nterior clones, 0/11), indicating that the nonautono-
ous effect on wild-type cells is mediated by Dpp signal-
ng from the PKA2 clone.
The distal part of the presumptive notum which gives
ise to the DC meridian and the lateral scutum can be
onsidered as a Wingless-activated domain. Ac expres-
ion in the DC proneural cluster depends upon Wg
ctivity (Phillips and Whittle, 1993). Microchaetes in
oth the lateral scutum and the DC meridian are lost in
iable combinations of an antimorphic wg allele with the
utation Sternopleural, a dominant enhancer of wg
(Buratovich et al., 1997). sgg2 clones have less effect on
microchaete crowding in the DC meridian and in the
lateral scutum than elsewhere, indicating that Sgg activ-
FIG. 5. PKA2 clones induce macrochaetes in adjacent wild-type
roduce extra macrochaetes cell autonomously. PKA2 clones (pits a
ffects in the adult cuticle (A). Ectopic macrochaetes form in and
nd medial PKA2 clones (white outline). Clones deficient for both P
and only wild-type DC macrochaetes are present (black arrowhea
interspersed with microchaetes (marked by yellow bristles and blac
(D) locations. A sgg2 PKA2 clone in the posterior part of the medi
transformation to a scutellar phenotype. A third instar wing imag
activity (E, red, dpp reporter). The absence of CD2 activity (not gree
f dpp throughout the anterior compartment of the disc.ity is already low in this region (Phillips and Whittle,
unpublished).
Copyright © 1999 by Academic Press. All rightActivation of Both the Wingless and Hedgehog
Signal Pathways Promotes Macrochaete Formation
Autonomously in Clones While Suppressing Long-
Range Signaling
Macrochaetes arising in response to the Dpp-dependent
long-range signal and within the domain of Wg activation
suggest that the simultaneous activation of both pathways
may be sufficient to produce macrochaetes. To test this
idea, we compared clones which are PKA2 or sgg2 with
hose simultaneously PKA2 and sgg2. The cell-autonomous
phenotypes of PKA2 clones vary depending upon their
osition in the notum. In the anterior half of the scutum,
hey form pits that are physically separated from the
urrounding wild-type tissue by cuticular folding (66 of 82
lones, Fig. 5A). In the posterior half of the scutum, PKA2
clones form scutellar-like cuticle, including macrochaetes
but rarely microchaetes (only 4 of 38 clones had micro-
chaetes). In the medial prescutum, furthest from the normal
only in the domain of Wingless activity while sgg2 PKA2 clones
sociated yellow bristles indicated by arrows) show nonautonomous
l to the DC meridian at a distance from both lateral (red outline)
and dpp (red outline, B) no longer show the nonautonomous effect,
). sgg2 PKA2 clones formed cell autonomous extra macrochaetes
tted outline) throughout the clone in both anterior (C) and medial
utum (white outline, D) is devoid of microchaetes indicative of a
disc (proximal to top, anterior to left) stained for b-galactosidase
rks the position of sgg2 PKA2 clones that cause ectopic expressioncells
nd as
latera
KA
ds, B
k do
al sc
inalsources of Hh and Dpp activity, PKA2 clones make rela-
tively normal cuticular patterns. This occurs despite equal
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157Signal Integration and Bristle Patterningactivation of dpp expression in PKA2 clones throughout the
notum (data not shown). We therefore chose the medial
prescutum for our analysis of the interaction between Wg
and Hh signaling.
In the medial prescutum, most PKA2 clones form normal
patterns containing only microchaetes (10/12) and none of
these clones contains macrochaetes. The dpp2 PKA2 clones
lso form normal patterns (10/11), except for one clone with
n ectopic macrochaete near the presutural macrochaete. In
his region, sgg2 clones contain microchaetes which are
abnormally close together and a low frequency of ectopic
macrochaetes which form at the posterior edge of the clone
(Figs. 2B and 3A and Table 1). Unlike PKA2 clones, sgg2
PKA2 clones (simultaneously homozygous for sggD127 and
PKAE95) produce macrochaetes autonomously in the medial
rescutum and, in contrast to sgg2 clones, sgg2 PKA2 clones
ave a symmetrical bristle pattern (Fig. 5C). They also have
hreefold more macrochaetes per clone and a higher ratio of
acrochaetes to microchaetes in clones (Table 1). We
herefore conclude that the simultaneous local activation of
he Wg and Hh pathways is sufficient to promote uniform
acrochaete development throughout such clones. Hh ac-
ivation may be acting indirectly on macrochaete formation
ia Dpp signaling.
In the posterior scutum, sgg2 PKA2 clones (Fig. 5D, clone
TABLE 1
Autonomous Macrochaetes (Mac) and Microchaetes (Mic) in
sgg2PKA2 and sgg2 Clones in the Prescutum and the Scutum
Mac Mic
Total SOs
(number of
clones)
Prescutum
gg2PKA2 SOs 13 23 T 5 36
Proportion 0.36 0.64
Frequency/
clone
2.17 3.83 (N 5 6)
sgg2 SOs 19 699 T 5 718
Proportion 0.03 0.97
Frequency/
clone
0.63 23.3 (N 5 30)
Scutum
sgg2 PKA2 SOs 64 29 T 5 93
Proportion 0.69 0.31
Frequency 5.33 2.42 (N 5 12)
sgg2 SOs 57 488 T 5 545
Proportion 0.1 0.89
Frequency/
clone
1.84 15.74 (N 5 31)
Note. The total numbers of sense organs for each type of clone (T)
and the number of clones (N) are given in the right-hand column.in white outline) have a scutellar phenotype very similar to
that of PKA2 clones. In the anterior scutum, sgg2 PKA2
Copyright © 1999 by Academic Press. All rightclones no longer cause nonautonomous induction of mac-
rochaetes or the “pit” phenotype, both of which are char-
acteristic of PKA2 clones (Fig. 5D, clone in dotted black
utline; no ectopic y1 macrochaetes in 14 flies with 18
lones). Suppression of these PKA2 phenotypes occurs even
though dpp is expressed at high levels in sgg2 PKA2 clones
hroughout the presumptive notum (Fig. 5E). Macrochaete
ormation within the sgg2 PKA2 clones is increased relative
to sgg2 clones as in the prescutum (Table 1). The reciprocal
elationship between promotion of extra macrochaetes
ithin and outside of these clones suggests that activation
y Wg may increase the ability of cells to compete for the
ong-range signal. This hypothesis would also explain
symmetric macrochaete patterning in sgg2 clones as well
as in the endogenous DC proneural cluster.
Ectopic Expression of Decapentaplegic Induces
Macrochaete Formation in the Domain of Wingless
Activity
The dpp dependence of PKA2-induced extra macro-
chaetes within the domain of Wg activity suggests that Dpp
is required for the generation of this signal. However, two
questions about this signal can only be answered by directly
expressing Dpp: Is Dpp the only necessary element acti-
vated by Hh reception, and does direct expression of Dpp
circumvent the requirement for Wg activation? Overexpres-
sion of Dpp driven from the tubulin promoter in clones
results in ectopic macrochaetes (Mullor et al., 1997). We
ave examined these effects in further detail to determine
he role of Dpp signaling in macrochaete development.
We have found that the combined activation of both Wg
ignal transduction and Dpp signaling promotes macro-
haete development. Outside the Wg-activated domain, in
he medial scutum and prescutum, clones that ectopically
xpress Dpp make only microchaetes (Fig. 6A, white out-
ines; Fig. 6B). In the Wg-activated domain, within and
ateral to the DC meridian, tubulin-driven dpp clones are
ssociated with many extra macrochaetes (Fig. 6A, red
utline; Fig. 6B), which are formed both within and around
he Dpp-expressing clones (111 ectopic y macrochaetes, 39
ctopic y1 macs in 21 flies). We conclude that in areas of
he notum where the Wg transduction pathway is inactive,
pp alone is insufficient for macrochaete formation,
hether it is generated directly by overexpression or by
eleasing dpp from transcriptional inhibition by inactivat-
ing PKA.
Reception of Signals from Both Wingless and
Decapentaplegic Is Necessary to Specify
Macrochaete Formation by the Endogenous DC
Proneural Cluster
We have previously shown that wg is required for pro-
neural activity in the DC cluster (Phillips and Whittle,
1993). Here we show that the DC cluster develops asym-
metrically relative to the local source of Wg activity and
s of reproduction in any form reserved.
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158 Phillips, Warner, and Whittlepropose that this asymmetry follows from the ability of
Wg-activated cells to compete for Dpp. This model implies
that reception of Dpp is required for DC macrochaete
FIG. 6. Ectopic expression of Dpp causes extra macrochaetes in
the wingless region and punt is required for DC macrochaete
formation. Tubulin.dpp clones (marked with yellow bristles)
which express ectopic Dpp cause autonomous (clone outlined in
red) and nonautonomous ectopic macrochaetes (white arrow) to
form in and lateral to the DC meridian but clones in the medial and
anterior notum (outlined in white) only form microchaetes. This is
represented graphically for a set of clones in 21 flies (B). The
positions of autonomous (yellow spots) and nonautonomous (black
spots) extra macrochaetes are shown. In a temperature-sensitive
genotype of punt (put135/putPZ1046), temperature shifts can lead to
ither loss or gain of DC macrochaetes (indicated with red arrows
n C–F; anterior postalar macrochaetes, aPA, are indicated by black
rrows). Early upshift (6 days after egg deposition) causes loss of DC
acrochaetes; a single DC is present medial to the aPA on the right
eminotum in C, while only microchaetes form medial to the aPA
n the left heminotum (C and detail in D). A later upshift, after 7
ays, leads to the appearance of extra DCs; a heminotum with three
Cs in the field of microchaetes medial to aPA is shown (E and
etail in F).development, so we examined the effect of removing Dpp
receptor activity during macrochaete development. The
Copyright © 1999 by Academic Press. All rightunt gene (put) encodes a type II receptor of Dpp which is
ssential for Dpp signaling (Letsou et al., 1995; Ruberte et
al., 1995). We used a temperature-sensitive genotype
(put135/putPZ1046) to interfere with receptor activity during
larval development by upshift from 16 to 28°C. An upshift
6 days after egg deposition leads to loss of the DC macro-
chaetes, though lateral macrochaetes and the field of mi-
crochaetes remain (Figs. 6C and 6D). In contrast, a later
shift, after 7 days, gives extra DCs (Figs. 6E and 6F). The
early shift also results in loss of more of the wing (data not
shown), consistent with a more severe reduction in receptor
activity (Simin et al., 1998). Our conclusion is that Dpp
signal reception is essential for DC macrochaete develop-
ment. We suggest that extra DC macrochaetes may be
formed when Punt receptor activity is at a critical interme-
diate level where Dpp binding becomes less narrowly con-
centrated at the edge of the proneural cluster. An alterna-
tive explanation may be that reduced levels of Dpp
signaling permit more cells to express wg (Morimura et al.,
1996), and it is possible that both processes may be in-
volved.
DISCUSSION
Wg and Dpp signaling in Drosophila, and homologous
Wnt and TGF-b pathways in vertebrates, interact in many
evelopmental processes. In the Drosophila leg primor-
ium, two alternative fates, ventral and dorsal, are main-
ained by mutual transcriptional inhibition between wg and
pp (Brook and Cohen, 1996; Jiang and Struhl, 1996; Penton
nd Hoffmann, 1996; Theisen et al., 1996). Although both
athways are required for leg outgrowth, it is not yet clear
hether this reflects a direct interaction. Both pathways are
ctive during growth in the wing blade where there is
vidence that they regulate the same target gene, vestigial.
pp regulation of vestigial appears to be direct through
inding sites on the vestigial quadrant enhancer for the Dpp
ignal transducer, Mad (Kim et al., 1997). Vestigial expres-
ion in the wing blade also depends upon long-range Wg
ignaling but the mechanism for this is unknown (Neu-
ann and Cohen, 1997). However, Wg signaling can act
irectly on transcription by promoting stable heterodimers
f the transcription factor TCF and b-catenin (Behrens et
al., 1996; Molenaar et al., 1996). In Drosophila, this com-
plex regulates the expression of the midgut enhancer of the
Ultrabithorax gene and its activity depends upon a second
cis-acting element which has been defined as a Dpp-
responsive element (Riese et al., 1997). We have identified
another developmental context involving an interaction
between Wg and Dpp. The patterning characteristics of this
system suggest a novel type of posttranscriptional interac-
tion.
We find that Wg signal transduction alters the compe-
tence of presumptive notal cells to both respond to and
attenuate a second signal which arises in the posterior of
the presumptive notum and promotes proneural activity.
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159Signal Integration and Bristle PatterningThe integration of Wg and the posterior signal therefore
occurs at their first “meeting” in the cells lying on the
perimeter of groups of Wg-activated cells. The combined
activity of these signals then promotes proneural transcrip-
tion. We have shown that ectopic activation of the trans-
duction pathway downstream of Hh produces a long range
signal, which is dependent on dpp, and promotes proneural
ctivity only in Wg-activated cells. Simultaneous activa-
ion of both Hh and Wg transduction results in local
roneural activation and in attenuation of the long-range
ignal. The simplest interpretation of these results is that
he long-range signal from PKA2 clones and the posterior
ignal revealed by the behavior of sgg2 clones are the same
and that this signal is attenuated by Wg-activated cells.
This signal is either Dpp or another diffusible signal whose
expression depends upon dpp. We presume that Wg-
dependent attenuation of the posterior signal in the re-
sponding tissue acts extracellularly. However, we cannot
exclude the possibility that Wg activation of the signaling
cells may act intracellularly, downstream of dpp transcrip-
tion, to prevent generation of the long-range signal.
Sensory Organ Patterning in the Presumptive
Notum
The genetic requirements for siting the SOP cells that
give rise to macrochaetes in the notum are complex. At
least two systems contribute, with some redundancy (Ghy-
sen et al., 1993). These two, namely proneural gene tran-
scription and posttranslation activity, are independently
regulated. Widespread proneural activity can be established
only after overriding both systems by promoting ubiquitous
expression of a proneural gene while inactivating the pro-
neural antagonist encoded by the extramacrochaetae gene
(emc) (Cubas and Modolell, 1992). Wg and Dpp signaling act
independently of emc-dependent regulation. Macrochaete
formation in sgg2 clones is still regulated by emc (Simpson
nd Carteret, 1989), and overexpression of an activated Dpp
eceptor does not alter the pattern of emc expression
Tomoyasu et al., personal communication). Both Dpp and
g activity can regulate the expression of the DC enhancer
f achaete (Tomoyasu et al., personal communication; N.
arner, unpublished data).
In Fig. 7 we show a schematic representation of the
resumptive notum to explain our interpretation of the
oles of Wg and the posterior signal in sensory organ
atterning. It indicates the spatial relationships between
he sources of the Wg and Dpp ligands, the positions of
roneural clusters, and the pattern of emc expression at
mid-third instar. dpp expression is activated by Hh signal
reception in a stripe of cells (hatched brown) immediately
anterior to the A–P compartment boundary. wg expression
(solid blue) is in two stripes of cells, a smaller one adjacent
to the A–P boundary and a larger stripe oblique to it. Cells
in an approximately rectangular area (hatched blue) distal to
the larger stripe also show a variable degree of Wg activa-
e
i
Copyright © 1999 by Academic Press. All righttion. This area and the wg stripe comprise the domain of
Wingless activity.
We propose that coactivation by Hh and Wg near the A–P
boundary causes local proneural activation in the scutellar
proneural cluster (sc) and also attenuation of the long-range
signal, as in PKA2 sgg2 double clones. More proximal
Hh-activated cells which do not express wg generate the
long-range signal (brown arrows). Diffusion of this signal to
the proximal edge of the wg stripe and subsequent attenu-
ation result in proximodistal asymmetry in SOP determi-
nation in the DC cluster (dc). The geometry of expression of
wg and the long-range signal may favor proneural activation
in the region of the DC cluster. In addition, emc expression
hatched yellow) is required to limit the anterior/posterior
xtent of this cluster. If the level of emc is reduced, extra
acrochaetes form primarily anterior but also posterior to
he normal DCs along the proximal edge of the wg stripe
Cubas and Modolell, 1992; van Doren et al., 1991). Further
eduction of emc results in additional extra macrochaetes
long the distal edge of the stripe. This suggests that there
ay be a second subthreshold peak of proneural activity at
his position.
This model arises from our observations of sensory organ
atterning in and around clones of cells where Hh and/or
g signal transduction have been ectopically activated. It
rovides an explanation for the pattern of proneural activity
n the DC and scutellar proneural clusters, which is sup-
orted by the dependence of this expression on Wg and Dpp
ignaling. The coincidence of proneural expression (Fig. 7,
a and np) with the posterior and distal boundaries of the
omain of Wingless activity (hatched blue) suggests the
ossibility that this mechanism may also be active in
evelopment of these clusters. This hypothesis is supported
y the observation that sgg2 clones and Tubulin-dpp clones
can form extra macrochaetes near the boundary of this
region. However, these clusters do not show a similar
dependence upon wg activity (Phillips and Whittle, 1993).
Either related genes (e.g., other Wnt genes) or alternative
mechanisms may activate proneural genes in this region so
that the requirement for wg is reduced, but our results
certainly indicate that this mechanism can promote pro-
neural activity in this part of the notum. The general role of
this mechanism in sensory organ development may be
further tested by inactivation of Wg signal transduction
downstream of Sgg.
How Is Proneural Asymmetry Established?
The asymmetry of the response within a Wg-activated
clone is independent of the position of the sgg2 clone on the
–P axis (Figs. 2B and 3A–3D). The mechanism therefore
annot be a direct readout of the absolute level of Dpp in a
imple gradient. We offer two alternatives (Fig. 8). Model 1:
g-activated cells become sensitive to the relative Dpp
oncentration. Cells receiving the highest level of Dpp
xpress increased levels of proneural genes. This model
mplies an interaction among Wg-activated cells which
s of reproduction in any form reserved.
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(orange SET SYMBOL). If an ectopic source of Dpp contributes
additional Dpp (solid gray line) the slope is reversed in the resulting
160 Phillips, Warner, and Whittle
Copyright © 1999 by Academic Press. All rightdepends upon relative levels of Dpp. A strong ectopic source
of Dpp ought to reverse the gradient of Dpp and the polarity
of the consequent asymmetry in bristle patterning. PKA2
clones distal to the wg stripe caused extra macrochaetes on
he distal side of the wg stripe but never suppressed the
ndogenous macrochaetes on the proximal side (Fig. 5A).
or this reason, we prefer Model 2: namely, that Wg-
ctivated cells reduce the local concentration of diffusible
pp so that levels required for proneural activation occur
nly in the peripheral cells of a Wg-activated region. On this
odel, ectopic expression of Dpp should abolish asymme-
ry but not reverse it (Fig. 8).
Three lines of evidence suggest that Wg activation may
lter local levels of Dpp activity: first, extra bristles are not
niformly distributed throughout Wg-activated clones; sec-
nd, sgg2 PKA2 clones are not local sources of the long-
range signal; and third, reduction of Dpp receptor activity
has two alternative affects on the response of Wg-activated
cells. We review these arguments in further detail. (1) The
asymmetry in macrochaete distribution within sgg2 clones
may arise if Wg activation causes cells to receive Dpp and,
simultaneously, promotes Dpp sequestration or degrada-
tion. The drop in Achaete expression between cells within
the clone in Figs. 4A and 4B inward from its posterior border
might indicate the magnitude of this attenuation. Then
wild-type cells in the “shadow” of such clones (“down-
stream” from the signal), although activated endogenously
by Wg, might fail to respond to the reduced Dpp signal that
reaches them (Fig. 8, Model 2). We have noticed that sgg2
clones lying between the Wg stripe and the Dpp signal
source are sometimes associated with a nonautonomous
loss of DC bristles. The extent of the shadow would reflect
the characteristics of Dpp diffusion. Endogenous DC mac-
rochaetes are consistently lost when Wg transduction is
activated throughout the proximal presumptive notum
(Phillips, unpublished results) using pnr-Gal4 to drive con-
stitutively active Armadillo (Pai et al., 1997). (2) sgg2 PKA2
clones are not local sources of the long-range signal. These
clones have symmetrical bristle patterning, consistent with
the posterior signal being available throughout the clone.
Therefore, Wg activation of the cells of a PKA2 clone
total Dpp concentration (yellow triangle on dashed gray line). This
promotes ectopic bristle formation (red SET SYMBOL) anterior to
the Wingless-activated cells and suppresses it in the wild-type
position (reversed asymmetry). In the “attenuation model” (Model
2), the Wingless-activated cells act as a sink for Dpp either from the
endogenous Dpp source (solid black line) or from an ectopic source
(solid gray line). The direction of the source rather than the slope of
the gradient determines asymmetry. If there are symmetrical Dpp
sources, they promote symmetrical bristle formation. However, an
ectopic region of Wingless-activated cells between the Dpp source
and the endogenous Wingless-activated cells forms ectopic bristlesFIG. 7. A schematic diagram of the proximal end of the late third
instar wing disc (based on Fig. 1C), depicting a possible functional
relationship between two signaling processes that results in the
generation of SOPs in the presumptive notum. The domain of
Wingless activity, including the cells synthesizing (solid blue) and
responding to (hatched blue) the Wg ligand. The stripe of cells that
produce Dpp at the anterior side of the anteroposterior compart-
ment border is depicted by hatched brown and brown arrows
indicate hypothetical diffusion of the long-range signal. Proneural
clusters of cells, expressing Ac (gray), arise on the periphery of the
domain of Wingless activity, on its distal, proximal, and posterior
sides. The dorsocentral (dc), scutellar (sc), postalar (pa), and noto-
pleural (np) proneural clusters are labeled. The ultimate site of
SOPs is shown in black. The approximate areas in which the emc
ene is expressed are indicated in hatched yellow (Cubas and
odolell, 1992; van Doren et al., 1991).
IG. 8. Two alternative models explaining the proneural asym-
etry within Wingless-activated cells, either endogenous (blue
atched box) or ectopic (blue stippled box). In the “gradient model”
Model 1), Wingless-activated cells constitute a field where inter-
ctions between cells cause response to relative Dpp concentration;
igher Dpp concentration promotes proneural activity. The direc-
ion of the slope of change (hypotenuse of yellow triangle) in the
ild-type Dpp concentration (solid black line) over the width of the
ndogenous Wingless-activated cells causes formation of a bristle
n the wild-type position where Dpp concentration is highestand an ectopic sink (dashed black line) which will suppress the
wild-type bristle.
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161Signal Integration and Bristle Patterningincreases macrochaete formation within the clone and
decreases ectopic macrochaete formation outside the clone.
This inverse relationship supports our proposition that
activation of Wg signal transduction modifies the distribu-
tion of the posterior signal. (3) Finally, stringent reduction
of the Dpp receptor Punt eliminates DC macrochaetes, but
a less severe reduction permits extra DCs to form. This
suggests that Punt is also an essential part of the mecha-
nism ensuring an asymmetric pattern of DC macrochaetes
with respect to the local source of Wg. Dpp/receptor com-
plex formation and endocytosis might reduce the concen-
tration of free Dpp. If complex formation is enhanced in
Wnt-activated cells, both posterior signal reception and
attenuation would be promoted. Wg activation might cause
either an increase in available receptor or inactivation of a
competing protein like the product of the short gastrulation
gene (Francois et al., 1994; Sasai et al., 1995; Schmidt et al.,
1995). If receptor levels in Wg-activated cells are in excess
of the threshold for posterior signal reception, then lower
receptor availability in the puntts allelic combination might
educe attenuation without compromising signal reception,
hus decreasing proneural asymmetry. However, this can-
ot be the only requirement for wg in proneural activation
ecause expression of activated Dpp receptor, tkvQD, is
insufficient to promote proneural activity in the absence of
Wnt activation (Tomoyasu et al., personal communication;
Phillips and Warner, unpublished results). Therefore, Wg
must be required downstream or parallel to Thickvein
activation.
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